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Abstract
Aims: In the previous work, following a pressure treatment with wild-type
Staphylococcus aureus, we obtained piezotolerant isolates showing altered
phenotypic characteristics. This work focuses on understanding the genetic
background of their altered phenotype.
Methods and Results: AK23, a representative piezotolerant isolate was subjected
to DNA microarrays, corroborated by PCR product sequencing and revealed 10-
gene deletion. All other piezotolerant isolates possessed the mutation
encompassing the region from SAR0665 to SAR0674 genes (9351 bp) which was
most likely the result of recombination between two homologous loci
(ATTGCGGGTG) present in both genes. RNA microarray transcriptomic analysis
showed that due to partial deletion of the low-affinity phosphate transporter pitA,
the high-affinity PhoU-PstABCS operon was upregulated in AK23 which could be
the reason for piezotolerance. Furthermore, AK23 showed low levels of the
virulence gene regulator rnaIII resulting in the downregulation of several agr
system genes explaining the impaired virulence characteristics of the mutant.
Conclusions: Naturally occurring mutations can result in piezotolerance which
can be of a concern for high hydrostatic pressure-treated foods.
Significance and Impact of the Study: A locus has been identified in
piezotolerant S. aureus mutants providing insight into possible mechanisms
associated with phenotypic characteristics of S. aureus. Further work should
study each individual gene of the locus.
Introduction
Staphylococcus aureus is a Gram-positive, facultatively
anaerobic, cluster-forming, non-motile coccus which is
the leading cause of nosocomial infections (Tong et al.
2015). Normally these possibly lethal infections occur
upon a transition from colonization to infection where
the bacterium can gain access to the blood stream and
translocate to different parts of the body, where it can
grow and cause further damage. There is also a variety of
human diseases caused by S. aureus (Tong et al. 2015).
One of these is a food-borne disease occurring through
growth in foods where it can produce enterotoxins
(Tassou et al. 2008). Food-borne S. aureus disease occurs
normally through the contamination of food by a food
handler as a large proportion of humans are S. aureus
carriers (Zeaki et al. 2019). If this food is kept at normal
or higher temperatures, the micro-organism can grow
and produce toxins which are consumed together with
the food and cause a food-borne illness characterized by
diarrhoea, vomiting, nausea and abdominal cramps
(Guidi et al. 2018).
One of the novel methods for the inactivation of S.
aureus and other bacteria in ready-to-eat foods is high
hydrostatic pressure (HHP; Karatzas et al. 2007). Follow-
ing an initial slow adoption by the food industry, the last
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decade has seen a major increase in the number of food
products processed by HHP entering the market and
many companies adopting the method. Despite the
increasing usage of HHP there is still concern about
piezotolerant strains that have been described previously
and can resist significant levels of pressure. Study of these
strains can provide us with insights on how micro-organ-
isms resist such pressure levels and it will detail the mode
of action of HHP (Karatzas et al. 2003, 2005). This
knowledge could be used to minimize HHP treatment
intensity which can translate in lower costs or it could
resolve problems with tailing effects where such strains
persist HHP treatment and remain in the food product,
posing a threat to the customers.
Previously, we identified piezotolerant S. aureus vari-
ants that derived from a clonal population and could
survive high levels of HHP (Karatzas et al. 2007). These
variants comprised 9 out of 21 isolated survivors (52%
of the isolates), following a HHP treatment of 400 MPa
for 30 min. They all showed a small colony phenotype,
increased thermotolerance, impaired growth and
reduced antibiotic resistance compared to the wild type
(WT). They also showed weaker agglutination reactions,
they were defective in the production of the typical S.
aureus golden colour and showed lower invasion to
intestinal epithelial cells than the WT. In an attempt to
identify the mechanism causing this significant change
in phenotype and based on our previous experience
with piezotolerant mutants in Listeria monocytogenes
having similar phenotypic changes that were attributed
to mutations in ctsR gene, we analysed their ctsR and
hrcA genes, but we found no mutations (Karatzas et al.
2007).
In the current work, we aimed to identify the mecha-
nism behind the piezotolerance of these mutants. We car-
ried out further analysis of one of these piezotolerant
mutants (AK23) isolated following an HHP treatment of
a culture of the parent strain and performed a transcrip-
tomic and genetic analysis. Additional genetic analysis of
a specific locus was also carried out for the previously
isolated piezotolerant isolates.
Materials and Methods
Bacterial strains
Previously, a WT methicillin-susceptible strain of S. aur-
eus isolated from ham (National Agricultural Research
Foundation, Lycovrissi, Greece) was used as WT for
HHP experiments. Following an HHP treatment of the
WT, 21 survivors were isolated randomly, analysed and
described previously (Karatzas et al. 2007) were used in
the current study. One additional representative
piezotolerant isolate (AK23) that was isolated together
with the latter ones, but was not analysed previously was
also used. All isolates were derived from the same parent
WT strain. Due technical problems with the recovery of
all other isolate stocks from the freezer, work proceeded
with AK23 which, however, needed to be verified for its
phenotypic characteristics. Subsequently, through detailed
thorough work all other isolates were recovered but after
all molecular work was completed with AK23.
The WT methicillin-susceptible S. aureus strain was
resistant to ampicillin, amoxicillin, penicillin, nalidixic
acid and sulfonamides. Stock cultures were kept at
80°C in 15% (vol/vol) glycerol or microbank tubes
(Pro-Lab Diagnostics, Neston, Wirral, UK), transferred
into sterile brain heart infusion (BHI) broth (Oxoid,
Hampshire, UK) with or without 5% Tween 80 (ICI Sur-
factants, Wilmington, DE) and incubated twice at 37°C
overnight (03% (vol./vol.) inoculum). Cultures were
grown with shaking (160 rev min1), and Tween 80 was
added only to those that would be subjected to HHP or
heat treatment to alleviate the clumping of bacterial cells.
Colony morphology
Stationary-phase cultures of the WT and AK23 were
grown as described above and passaged on Baird Parker
agar, BHI agar, Columbia blood agar (COLBA) and plate
count agar plates (Oxoid). Plates were incubated at 37°C
for 24 h, and colonies were examined for their size, col-
our and haemolysis characteristics on COLBA plates.
Analysis of growth kinetics
Growth characteristics of WT and AK23 were assessed at
37°C with shaking (160 rev min1) or at 20°C under sta-
tic conditions. Five microlitres from each culture was
inoculated into 200 ml fresh BHI. Samples were placed
onto a Sero-Well microtitre plate (Sterilin, Staffordshire,
UK), and bacterial growth was assessed by measuring the
optical density at 600 nm (OD600nm) of the samples with
a Bio-Rad model 680 microplate reader (Bio-Rad, Her-
cules, CA). Growth curves were constructed in triplicate.
Doubling times were calculated based on values obtained
from the exponential phase of growth.
Agglutination test
An agglutination test was performed using the Staphylo
Monotec kit (Fluka, Buchs, Switzerland) to confirm the
identity of AK23 isolate as S. aureus. The test reagent
comprises monodispersed particles coated with fibrinogen
and immunoglobulin G, which bind to the cell-associated
coagulase and cell wall protein A respectively. The times
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needed for agglutination for the AK23 isolate and the
WT were recorded.
treatment
Cultures were placed in sterile plastic stomacher bags
(Seward, London, UK) that were sealed while avoiding an
excess of air bubbles. Pouches were submerged in glycol
(Resato, Roden, The Netherlands), which was the fluid
pressure medium, and subjected to 450 MPa for 15 min
in a HHP unit (Resato) at 20°C. The viability of S. aureus
cells was determined before and after the pressure treat-
ment. Decimal dilutions of samples in saline solution
(Oxoid) were prepared, followed by plating in triplicate
onto BHI agar (1% (wt./vol.) agar). Plates were incubated
at 37°C for 5 days.
Analysis of thermotolerance
BHI broth (100 ml) was inoculated (01%, vol./vol.) with
overnight cultures of the strains incubated with shaking
(160 rev min1) at 37°C. Cultures were grown until mid-
exponential phase (OD600nm between 04 and 06), and
samples were placed in 7-ml plastic tubes (Sterilin,
Staffordshire, UK) and incubated in a water bath at 58°C
for 20 min. Samples were taken before and after treatment
and decimal dilutions in saline solution were prepared
using saline tablets (Oxoid), and viability was determined.
Gentamicin protection assay
The gentamicin protection assay was performed for the
WT strain and AK23 as described previously (Elsinghorst
1994). In brief, Caco-2 human colon adenocarcinoma
cells (European Collection of Cell Cultures number
86010202) were maintained in Dulbecco’s modified
Eagle’s medium containing 2 mM glutamine, 1% non-
essential amino acids and 10% foetal bovine serum
(DMEM; Sigma-Aldrich Poole, UK). Penicillin or strepto-
mycin (Invitrogen, Paisley, UK) was used at a concentra-
tion of 100 U ml1 in DMEM until 3 days before cells
were used for infection studies. The culture medium was
changed every 2–3 days. Just before experiments, Caco-2
cells were washed thrice with sterile phosphate-buffered
saline (PBS), and subsequently, 2 ml of antibiotic-free
DMEM was added to each well. The OD600nm of station-
ary-phase cultures of S. aureus AK23 and WT were mea-
sured, and all cultures were adjusted to similar OD600nm.
We previously confirmed that there was a good correla-
tion between OD600nm measurements and cell numbers
for both strains, as assessed by comparing CFU and
OD600nm values. Fifty microlitres of the adjusted bacterial
suspensions were added to the wells, resulting in
106 CFU per well and yielding an estimated ratio of
25: 1 of bacteria to cells (multiplicity of infection). Cells
were incubated for 1 h at 37°C and subsequently washed
twice with PBS and suspended in 2 ml of PBS containing
100 g ml1 gentamicin. After 2 h at 37°C, cells from cul-
tures exposed to gentamicin were rinsed twice with sterile
PBS and lysed with 2 ml 1% Triton X-100 (vol/vol) in
PBS. Following a brief incubation for 5 min at 37°C, cell
lysates were serially diluted and plated onto COLBA to
quantify the number of intracellular bacteria.
Antibiotic disk diffusion test
The antibiotic disk diffusion test was conducted according
to the recommendations of the British Society for Antimi-
crobial Chemotherapy (Andrews 2005). In brief, cells from
four morphologically similar colonies of each strain grown
overnight on Iso-Sensitest agar plates (ISA; Oxoid) were
transferred with a sterile loop into Iso-Sensitest broth
(ISB; Oxoid) and incubated with shaking at 37°C until the
turbidity was equal to the 0.5 McFarland standard. Subse-
quently, cells from the suspension were transferred with a
sterile cotton-wool swab onto ISA spread evenly over the
entire surface of the plate by swabbing in three directions.
Immediately, after swabbing, antibiotic disks (Oxoid) were
applied on the plate and following incubation at 37°C for
18 h, and zones of inhibition were measured.
Determination of MIC
The MICs of a range of antibiotics were determined using
the broth doubling dilution method according to the rec-
ommendations of the British Society for Antimicrobial
Chemotherapy (Andrews 2001). Overnight cultures of
strains were prepared in ISB at 37°C and diluted to 0.5
McFarland. Kanamycin, gentamicin and nalidixic acid
were purchased from Sigma-Aldrich (Poole, UK).
Stability of phenotype
AK23 isolate was assessed for the stability of its pheno-
types. This isolate was subcultured for 10 consecutive
days using 03% (vol./vol.) inocula in fresh BHI medium.
On day 10, the culture was inoculated using a 03% (vol./
vol.) inoculum in 100 ml of BHI broth, incubated at
37°C with shaking (160 rev min1), and tested for its
growth characteristics, colony morphology and piezotol-
erance as described above.
Sequencing of deleted region
In previous work we attempted to investigate the source
of the altered phenotype of the piezotolerant isolates by
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looking at possible mutations in the ctsR and hrcA, based
on previous accounts of the involvement of these genes
in piezotolerance and stress resistance (Karatzas et al.
2003, 2005) but no mutations were found (Karatzas et al.
2007). In this work, we have investigated the possibility
that isolates could possess a major mutation which was
indicated by genomic indexing and microarray transcrip-
tomics as both techniques showed no hybridization with
all genes from SAR0666–SAR0673. Therefore, we
designed primers DelFor (TATCGGGCGAATTGCT-
TATC) and DelRev (GGGAAATGTAGCGATGATGC)
that could amplify this specific region. We were sure that
these primers would work since we designed them in
areas that showed hybridization with the genomic DNA
of the isolate. DelFor was designed in the intragenic
region between SAR0664 and SAR0665 and DelRev
within the SAR0674 gene.
Chromosomal DNA from WT and all piezotolerant
isolates described previously (Karatzas et al. 2007) and
AK23 were isolated as described by Pospiech and Neu-
mann (1995) and used as PCR templates. All primers
were provided by Eurofins Genomics (Ebersberg, Ger-
many), and amplification and sequence analysis were per-
formed in duplicate by Eurofins Genomics.
isolation for genomic indexing
Since the parent strain and AK23 used in these experi-
ments were not previously typed, we performed genomic
indexing with the use of genomic DNA from the parent
strain and the microarray SAM-62. This procedure was
essential to assess the level of hybridization between the
genes present in the parent strain and on the microarray
chip. To isolate DNA, cells were grown overnight (18 h)
at 37°C and subsequently, 7 ml from this culture was
taken and centrifuged at 3500 g for 5 min at 4°C. The
pellet was washed twice in 1 ml PBS and finally it was
resuspended in 05 ml PBS and kept on ice. Subse-
quently, cells were transferred in SETS II tube system
(Roche Diagnostics Ltd, Burgess Hill, UK), followed by
shaking for 30 s at 6000 rev min1 in a MagNA Lyser
device (Roche Products Ltd, Welwyn Garden City, UK).
The lysate was centrifuged for 2 min at
14 000 rev min1 and 400–500 ll of the supernatant
was transferred to a clean Eppendorf tube followed by
200 ll of ethanol (96%). This cell lysate was then used
following the instructions of Qiagen DNA Minikit
(Manchester, UK) from step 4. Subsequently, the DNA
was eluted in 80 ll DNA/RNA-free water, its concentra-
tion was measured in a NanoDropTM 1000 Spectropho-
tometer (Thermo Scientific, Wilmington, DE) and
subjected to hybridization with the microarray
hybridization protocol.
isolation and slide hybridization
Overnight cultures were diluted 100 times in fresh pre-
warmed brain–heart infusion (BHI) broth and grown at
37°C in 5% CO2 until an OD590nm of 05 was reached.
A volume of 30°ml of the culture was pelleted and sus-
pended in 1°ml RNAPro Solution (Qbiogene Inc. Heidel-
berg, Germany).
Staphylococcus aureus RNA was isolated using the Fas-
tRNA Pro Blue Kit according to the manufacturer’s
instructions (Qbiogene Inc. Heidelberg, Germany) using
the Fastprep FP120 instrument (two cycles of 45 s at a
speed setting of 60; Qbiogene). After isolation, the RNA
was treated with 6 U TURBO DNase (Ambion, Austin,
TX) according to the manufacturer’s instructions.
Hybridization probes were generated from 2 µg total
RNA of each strain according to the protocol of the Bac-
terial Microarray Group (BuG@s; St. George’s Hospital
Medical School, London, UK). RNA was mixed with
3 µg random primers (Invitrogen, Breda, The Nether-
lands), heat denatured and snap-cooled on ice. The RNA
was reverse transcribed to cDNA to incorporate the Cy5
dCTP (GE Healthcare, Diegem, Belgium) or Cy3 dCTP
(GE Healthcare).
Labelled cDNA samples were pooled and hybridized
overnight to a S. aureus microarray with PCR amplicons
printed on Ultragaps (Corning, NY) glass slides (BuG@S;
Witney et al. 2005). Microarray slides were prehybridized
in 35 9 SSC (1 9 SSC is 015 mol l1 NaCl plus
0015 mol l1 sodium citrate)–01% sodium dodecyl sul-
fate (SDS)–10 mg ml1 bovine serum albumin at 65°C
for 20 min before a 1-min wash in distilled water and a
subsequent 1-min wash in isopropanol. Each Cy3-labelled
test strain cDNA was mixed with an equal amount of
Cy5-labelled reference strain cDNA, purified using a
MiniElute kit (Qiagen, Manchester, UK), denatured and
mixed to achieve a final 45 ll hybridization solution of
4 9 SSC–03% SDS. Using two 22 9 22 mm LifterSlips
(Erie Scientific, Portshmouth, NH), the microarray was
sealed in a humidified hybridization chamber (Telechem
International, Sunnyvale, CA), hybridized overnight by
immersion in a water bath at 65°C for 16–20 h. Slides
were washed once in 400 ml 1 9 SSC–006% SDS at
65°C for 2 min and twice in 400 ml 006 9 SSC for
2 min. The array design is available in BmG@Sbase (ac-
cession no. A-BUGS-17; http://bugs.sgul.ac.uk/A-BUGS-
17) and also ArrayExpress (accession no. A-BUGS-17).
Transcriptomics analysis
Microarray slides were scanned using the ScanArray
Express HT scanner (Perkin Elmer, Groningen, The
Netherlands) following manufacturer’s instructions. The
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spots were quantified using Imagene 6.0 software
(BioDiscovery, Marina Del Ray, CA).
GeneSpring GX version 7.3 Software (Agilent Tech-
nologies, Santa Clara, CA) was used for normalization
and further data analysis. Expression levels were quanti-
fied as the log-ratio of the signal derived from RNA iso-
lated from the mutant divided by the signal derived from
the WT strain RNA. Expression levels were averaged for
the duplicate experiments.
Statistical analysis
The t-test for three samples, assuming equal variances,
was used to determine statistical differences between the
means of log reductions in CFU of each isolate and of
the wild type. P values of less than 005 were considered
to indicate statistical significance.
Results
Growth characteristics and colony morphology
Growth of WT and AK23 was assessed in liquid and solid
media. AK23 demonstrated the typical colony morphology
of S. aureus on Plate Count and Baird Parker agar, but it
formed significantly smaller colonies than the WT on all
solid media (Fig. 1). This phenotype was observed previ-
ously by (Karatzas et al. 2007) in piezotolerant S. aureus
isolates. Furthermore, AK23 demonstrated a reduced ability
to produce the typical golden colour of WT S. aureus
(Fig. 1a). The small colony phenotype of AK23 indicated
impaired growth which was also confirmed in liquid media
when cells were grown under static conditions at 20°C
(Fig. 2) and the doubling time was 077 and 146°h for WT
and AK23 respectively. However, there was no difference in
growth when cells were incubated at 37°C with shaking
(data not shown). The above-mentioned phenotype for
AK23 was stable for the 10 days of continuous cultivation.
Agglutination test
Further to identification through colony morphology on
Baird Parker, AK23 was also identified as S. aureus by a
successful agglutination test. However, the agglutination
reaction was significantly weaker for AK23 compared to
the WT as it took 23 s for the first and 10 s for the latter
(Fig. 3). Furthermore, the coagulation reaction for AK23
was not very strong and produced smaller clumps.
Stress resistance of AK23
The AK23 isolate showed significant piezotolerance com-
pared to its WT parent strain (Fig. 4). At 450 MPa for
15 min, AK23 showed only 3 log reduction of CFU per
ml, while the WT a significant inactivation of 525 log
reduction of CFU per ml. Furthermore, we assessed the
thermotolerance of AK23 and we found that it was more
resistant than the WT with statistical significance. The
AK23 showed a 415 log reduction of CFU ml-1 while the
WT a 605 log reduction of CFU per ml (Fig. 5). The
piezotolerant phenotype observed for AK23 was stable for
the 10 days of continuous cultivation.
Gentamicin protection assay
We found that AK23 invaded much less efficiently in
Caco-2 intestinal epithelial cells, with statistical signifi-
cance (P < 005). We documented 856 log CFU per ml
for the WT and 510 log CFU per ml for AK23 (Fig. 6).
Antimicrobial resistance (inhibition zones and minimum
inhibitory concentrations)
AK23 was significantly more susceptible than the WT to
antibiotics amikacin, kanamycin, oxacillin, neomycin and
gentamicin. Zones of inhibition to the above antibiotics
were significantly larger than the WT (Table 1). Analysis
of the MICs also showed that AK23 was more susceptible
to antibiotics although they did not change the status of
the AK23 to sensitive (Table 1).
Deletion present in AK23 and other piezotolerant
isolates
While ultimately aiming to perform microarray transcrip-
tomic analysis with the WT and the AK23, we first per-
formed a genomic indexing where DNA from the WT
was hybridized with the DNA on the microarray slides.
Along with WT we took AK23 for these experiments and
although all genes on the slide showed hybridization for
the WT, genes encompassing SAR0665 until SAR0673
showed no hybridization for AK23. This suggested that a
major deletion was present in AK23. Therefore, we
designed primers DelFor and DelRev in the intragenic
region between SAR0664 and SAR0665 and within the
SAR0674 gene respectively. These primers were expected
to give short amplicon when used in PCR with DNA
from AK23 mutant but not for the WT. The distance
between these primers is more than 10 000 bp and it was
impossible to give an amplicon with the setup used for
this specific PCR reaction. Furthermore, we repeated this
PCR with all isolates analysed in the previous work (Kar-
atzas et al. 2007) and we found that all piezotolerant iso-
lates (1, 3, 4, 6, 7, 8, 10, 15, 21) and AK23 gave a
positive PCR while all other isolates and the WT, pro-
duced no detectable PCR product. Subsequently, we
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proceeded with sequencing the amplicon obtained from
AK23 which showed a major deletion of 9351 bps affect-
ing 10 genes (Table 2). The deletion most probably
occurred through the homologous recombination
between two relatively small homologous regions of
10 bps (ATTGCGGGTG) which are present in both genes
SAR0665 and SAR0674 (Fig. 7). The deletion encom-
passed the yts operon (SAR0669–SAR0672), pitA
(SAR0674) encoding a putative low-affinity inorganic
phosphate transporter and lipA encoding for a putative
lipase (SAR0669).
Transcriptomic analysis of AK23
We performed transcriptomic microarray analysis of
AK23 in comparison with its isogenic WT. We found
that all genes upregulated in AK23 were related to
phosphate uptake (Table 3). The genes SAR1398–
SAR1402 comprise the Pst operon in S. aureus which
plays a role in phosphate uptake. Furthermore, the
PhoB gene and SAR0110 encoding a putative Na/Pi
cotransporter and the hypothetical protein SAR0584,
were all upregulated.
There were also genes that were downregulated in
AK23 of which the majority such as hld, spa, rnaIII, plc,
nuc, splB, hysA2, SAR0694 and SAR0304 are part of the
agr system (Table 4). Furthermore, genes pyrAA and
pyrAB played a role in pyrimidine and arginine biosyn-
thesis, while nrdD and narJ contributing in anaerobic res-
piration were also downregulated. dltA that contributes
in the teichoic acid alanylation affecting membrane
AK23WTAK23WT
(a) (b)
Figure 1 Colony morphology of AK23 and WT grown on plate count (a) and Baird Parker (b) agar. Plates were incubated at 37°C overnight
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Figure 2 Growth of AK23 (black circles) and WT (white circles)
grown at 20°C under static conditions
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Figure 3 Time (s) taken for AK23 and WT to show a positive aggluti-
nation reaction. Asterisk denotes statistically significant difference
(P < 005) between AK23 and WT. Bars indicate average of three
independent experiments and error bars denote the standard devia-
tion
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integrity and mprF encoding a phosphatidylglycerol lysyl-
transferase playing a role in antibiotic resistance were also
downregulated.
Discussion
In the previous work we have shown that clonal popula-
tions of S. aureus are able to give rise to stable piezotoler-
ant variants (Karatzas et al. 2007), a phenomenon we also
observed and investigated previously in L. monocytogenes
(Karatzas et al. 2003, 2005). Listeria monocytogenes pos-
sesses a hypermutable region located on the ctsR stress
gene regulator, giving rise to stress-resistant piezotolerant
mutants at a rate of 1 per 10 000 cells in a WT culture.
This subpopulation of ctsR mutants is always present in
the culture and can survive HHP treatments. Such strains
are a major concern since many food products nowadays
are pressure treated, and their study is essential to ensure
safety of such food products as their design should con-
sider the worst-case scenario. Furthermore, such work
could provide us with a broader understanding of stress
resistance in bacteria impacting on various scientific areas.
During the above work, we have found that the piezo-
tolerant S. aureus variants mentioned above, comprised
52% of the surviving WT population following a chal-
lenge of the WT at 400 MPa for 30 min. All these piezo-
tolerant variants showed a small colony phenotype,
increased thermotolerance, impaired growth, weaker
agglutination reactions, lower invasion to intestinal
epithelial cells, defective golden colour production and
reduced antibiotic resistance compared to the WT. An
initial attempt to identify the genetic basis of this pheno-
type has been unsuccessful as we did not find any
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Figure 4 Piezotolerance of AK23 and WT presented as log reduction
of CFU per ml. Cells were grown in BHI broth supplemented with
Tween 80 (03% vol./vol.) at 37°C with shaking (160 rev min1) over-
night and subsequently challenged at 450 MPa for 15 min. Asterisk
denotes statistically significant difference (P < 005) between AK23
and WT. Bars indicate average of three independent experiments and
error bars denote the standard deviation.
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Figure 5 Thermotolerance of AK23 and WT presented as log reduc-
tion of CFU per ml. Cells were grown in BHI broth supplemented
with Tween 80 (03% vol./vol.) at 37°C with shaking (160 rev min1)
until mid-exponential phase (04–06 optical density at 600 nm) and
subsequently challenged at 58°C for 20 min. Asterisk denotes statisti-
cally significant difference (P < 005) between AK23 and WT. Bars
indicate average of three independent experiments and error bars
denote the standard deviation
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Figure 6 Invasiveness of AK23 and WT Staphylococcus aureus fol-
lowing that gentamicin protection assay in Caco-2 intestinal epithelial
cells for 2 h at 37°C. Asterisk denotes statistically significant differ-
ences between the two strains (P < 005). Bars indicate average of
three independent experiments and error bars denote the standard
deviation
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mutations in their ctsR and hrcA genes (Karatzas et al.
2007). The selection of ctsR was based on a similar phe-
notype previously observed in piezotolerant mutants of L.
monocytogenes (Karatzas et al. 2003, 2005) while hrcA is
another transcriptional regulator of stress genes that
could have been involved in this phenotype.
During the above work additional isolates were
obtained. In the present work, to identify the molecular
basis of the piezotolerance, we used one of these addi-
tional isolates namely AK23. This was done due to initial
problems faced when recovering the original isolates from
the freezer which were subsequently resolved. As we
decided to proceed with AK23, its phenotype had to be
verified. We found that this isolate, similarly to all piezo-
tolerant isolates obtained previously, showed the defective
golden colour production (Fig. 1a), small colony pheno-
type (Fig. 1a,b), impaired growth (Fig. 2), delayed agglu-
tination reaction (Fig. 3), increased piezotolerance
(Fig. 4) and thermotolerance (Fig. 5) and reduced inva-
siveness in Caco-2 intestinal epithelial cells (Fig. 6).
Once we established that AK23 shared the same pheno-
type with the other piezotolerant isolates, we proceeded
to identify the genetic basis of this phenotype. We
decided to look at its transcriptome through microarray
analysis. Prior to transcriptomics, we performed genomic
indexing to assess the level of hybridization between each
of the gene amplicons on the microarray slides with the
genome of the WT and the AK23. During this process,
we observed no hybridization with all genes encompass-
ing the genomic region between SAR0666 and SAR0673
which were present in the WT. This suggested the pres-
ence of a major deletion in AK23 and we designed pri-
mers that could amplify the wider region where the
deletion was located. Once we succeeded in recovering all
isolates from our previous study, we performed the above
PCR which was successful only with the piezotolerant iso-
lates but unsuccessful with the WT and all other remain-
ing isolates. Following sequencing of the PCR amplicons
obtained from AK23 and the piezotolerant SCVs we
showed that they possessed a major deletion of 9351 bps
affecting 10 genes (Table 2). This explains why no ampli-
cons were obtained from the WT and all other nonpiezo-
tolerant isolates, as the replication of such a long
amplicon would require different PCR conditions which
were not used. We suggest that the deletion was the
result of a homologous recombination event between two
relatively small homologous regions of 10 bps
(ATTGCGGGTG) which are present in both SAR0665
and SAR0674 genes (Fig. 7). In contrast to the L. mono-
cytogenes mutants we identified previously (Karatzas et al.
2003, 2005), these S. aureus piezotolerant mutants could
not be subjected to phase variation as the loss of this
major genetic region cannot be recovered.
The transcriptomic analysis presented here revealed
various differences between the AK23 and the WT. A sig-
nificant percentage of genes upregulated in AK23 were
related to phosphate uptake (Table 3). This is probably
due to the partial deletion of pitA (Table 2). Overall, S.
aureus encodes three distinct Pi transporters, PstSCAB,
PitA and NptA (Kelliher et al. 2018). PitA is the low
affinity Pi transporter which is constitutively expressed
and its partial deletion in AK23 could result in lower
levels of Pi in the cell. This in turn could lead to upregu-
lation of the high affinity system for the uptake of inor-
ganic phosphate (Pst operon) and a putative Na/Pi
Table 1 Diameters of zones of inhibition in disk diffusion tests (upper part of table with normal fonts) and MICs (lower part of table with bold
fonts) of strains with antibiotics
Strain Amikacin (30) Kanamycin (30) Oxacillin (1) Neomycin (10) Gentamicin (10) Nalidixic acid
WT 15 (R) 15–16 (I) 16 (R) 13–14 (R) 17 (R)
AK23 22 22 21 19 21
WT 50–100 (R) 50 (R) 400
AK23 25 (R) 15–62 (R) 50–100
(R) resistant; (I) intermediate. Numbers in parentheses next to the antibiotics are the lg of antibiotic contained on the disc. Zones of inhibition
are expressed in mm while MICs in lg ml1.
Table 2 Genes deleted in the AK23 mutant
Gene Functional annotation
SAR0665 Putative esterase, similar to lipase lipA (partly deleted)
SAR0666 Hypothetical protein
SAR0667 Putative acetyltransferase
SAR0668 Hypothetical protein
SAR0669 Hypothetical protein, similar to two-component
response regulator (ytsA)
SAR0670 Putative membrane protein, putative sensor histidine
kinase (ytsB)
SAR0671 Putative ABC transporter protein (ytsC)
SAR0672 Putative ABC transporter permease (ytsD)
SAR0673 Conserved hypothetical protein
SAR0674 Putative phosphate transport protein, similar to
low-affinity inorganic phosphate transporter (pitA;
partly deleted)
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cotransporter protein (SAR0110). This partial pitA dele-
tion might be responsible for the SCV and the slow
growth phenotype in AK23, as this has been demon-
strated previously in a pitA S. aureus deletion mutant
(Kelliher et al. 2018). phoU, which was upregulated in
AK23, is also another gene playing a role in phosphate
metabolism as its negative regulator in Escherichia coli (Li
and Zhang, 2007; Overton et al. 2011). However, the role
of phoU in phosphate metabolism in S. aureus is not clear
although it is widely accepted that it plays an important
role which, however, is different from E. coli or Bacillus
subtilis (Kelliher et al. 2018). Also the presence of phoU
at the pst locus and the common upregulation might be
SAR0664 SAR0665 SAR0675
ATTGCGGGTG
ATTGCGGGTGATTGCGGGTG
WT
AK23
SAR0674
SAR0665
SAR0664 SAR0666 SAR0667 SAR0668 SAR0669 SAR0670 SAR0671 SAR0672 SAR0673
SAR0674
Figure 7 Schematic representation of the deletion in the mutant AK23. A whole region covering 9351 bps has been deleted affecting 10 genes.
The mutation occurred through homologous recombination between two short homologous regions of 10 bps (ATTGCGGGTG)
Table 3 Genes upregulated in AK23 mutant compared to WT
Gene Functional annotation
Percentage
increase
PhoB Alkaline phosphatase III pseudogene
precursor
417
SAR0110 Putative Na/Pi cotransporter protein 571
SAR0584 Hypothetical protein 862
SAR1398 Putative phosphate transporter
similar to negative regulator
of phosphate (PhoU)
726
SAR1399 ABC transporter ATP-binding protein (PstB) 902
SAR1400 ABC transporter permease (PstA) 1082
SAR1401 ABC transporter permease (PstC) 1217
SAR1402 Phosphate binding lipoprotein (thioredoxine
reductase; PstS)
1194
Genes SAR1398–SAR1402 belong to the pst operon.
Table 4 Genes downregulated in AK23 mutant compared to WT
Gene Functional annotation
Percentage
change
hld Delta-hemolysin precursor (virulence factor) 14
spa Immunoglobulin G binding protein
A precursor (virulence factor)
10
rnaIII rnaIII accessory gene regulator (agr) locus,
elta lysin (virulence factor)
10
plc 1-phosphatidylinositol phosphodiesterase
precursor (virulence factor)
30
nuc Thermonuclease precursor 21
splB Serine protease SplB 22
hysA2 Hyaluronate lyase precursor
2 (virulence factor)
44
SAR0694 Putative exported protein 36
SAR0304 Putative exported protein 22
nrdD Anaerobic ribonucleoside-triphosphate
reductase
21
narJ Respiratory nitrate reductase delta chain 35
pyrAA Putative carbamoyl-phosphate synthase,
pyrimidine-specific, small chain
18
pyrAB Putative carbamoyl-phosphate synthase,
pyrimidine-specific, large chain
11
dltA D-alanine-D-alanyl carrier protein ligase 17
mprF Phosphatidylglycerol lysyltransferase 48
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of significant importance for Pi metabolism. phoU might
be also involved in the increased susceptibility of AK23
to antibiotics as its mutation has been shown to lead to
increased susceptibility to antibiotics in E. coli (Li and
Zhang, 2007). However, seeing the upregulation in AK23,
it should have had the opposite effect (increased resis-
tance). Nevertheless, as stated above, the function of
PhoU is not well-understood in S. aureus.
Furthermore, the pitA mutation resulting in Pst operon
upregulation, could possibly explain the piezotolerance of
AK23. In the previous work on B. subtilis, it has been
shown that pstA is upregulated during recovery following
an HHP treatment, suggesting that it plays a role in this
process (Nguyen et al. 2019). The authors have suggested
that HHP treatment may cause phosphate limitation
which can lead to upregulation of pstA. Therefore, the
AK23 which has a pstA constitutively expressed, due to the
loss of pitA, is able to recover much better than the WT
after the HHP treatment. Furthermore, phoU which is
upregulated in AK23 has been previously implicated in
heat resistance in E. coli (Li and Zhang, 2007). The authors
have shown that loss of phoU resulted in reduced thermo-
tolerance. We could speculate that the increased expression
of phoU could bring about the opposite effect, and
increased thermotolerance which we observed in AK23. It
is also important to note that in the present work, we did
not find any alteration in the expression of toxin genes in
AK23 compared to the WT. Based on that, we should
assume that toxin, and since we look at piezotolerance to
food HHP applications, enterotoxin production per cell is
normal and similar to the WT. On the other hand, post-
transcriptional effects or, altered toxin production in other
stages of growth could not be excluded. Based on these
findings, if AK23 has similar per cell toxin production to
the WT, it is expected a lower toxin production through
time, as a result of the lower growth rate of AK23.
There are also other possible reasons for the increased
susceptibility of AK23 to antibiotics. The downregulation
of mprF in AK23 observed here could be linked to the
above phenotype. MprF is a multiple peptide resistance
factor in S. aureus encoding a phosphatidylglycerol lysyl-
transferase that plays an important role in resistance and
susceptibility to various antibiotics such as monomycin
and vancomycin, methicillin, oxacillin, bacitracin, gen-
tamicin and beta-lactams (Ruzin et al. 2003; Oku et al.
2004; Staubitz et al. 2004). In addition, it plays a role in
resistance to synthetic peptides, human defensins (HNP1-
3), evasion of oxygen-independent neutrophils and sus-
ceptibility to (hBD3, CAP18) and other cationic antimi-
crobial peptides (Ruzin et al. 2003; Oku et al. 2004;
Staubitz et al. 2004). AK23 also showed a partial deletion
of SAR0669 which is similar to the ytS gene of B. subtilis
that could also be involved in the antibiotic sensitivity of
AK23. As it has been shown previously, a DytS mutant in
B. subtilis was bacitracin sensitive (Bernard et al. 2003).
Furthermore, dltA which is significantly downregulated in
AK23 encodes a D-alanine-D-alanyl carrier protein ligase.
This gene is involved in the metabolism of teichoic acids
affecting membrane integrity which is also involved in
antimicrobial susceptibility mainly to cationic antimicro-
bial peptides (Weidenmaier et al. 2005). All these features
might be responsible for the increased susceptibility of
AK23 to some of the antimicrobials.
Interestingly, the majority of genes downregulated in
AK23 (hld, spa, rnaIII, plc, nuc, splB, hysA2, SAR0694 and
SAR0304) play a role in virulence and are part of the agr
system (Table 4; Reed et al. 2001; Huntzinger et al. 2005;
White et al. 2014). The agr system has been previously
shown to play a role in invasion to Caco-2 cells (Chessa
et al. 2016) which explains the lower invasiveness of
AK23 and the other isolates to Caco-2 cells. It is clear
that the lower transcription levels of these agr system
genes occur due to the downregulation of that accessory
gene regulator rnaIII which is its effector gene (Gupta
et al. 2015). However, we were as yet unable to identify
the reason why rnaIII is downregulated in AK23.
Our work links a significant mutation in S. aureus with
a range of phenotypic characteristics. However, since the
mutation involves a significant number of genes, further
work should focus on deleting each one of the genes
individually to link them with specific phenotypic charac-
teristics. Given that this mutation affects significant phe-
notypic characteristics of S. aureus involved in virulence,
antibiotic resistance and food safety, such work could
have major impact on various areas of science encom-
passing medical microbiology, antimicrobial chemother-
apy and food safety.
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